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HIGHLIGHTS 


►  Performance  behavior  by  coolant  leakage  was  studied  in  the  PEMFC. 

►  Performance  degradation  showed  only  at  anode  of  3-cell  stack  after  coolant  injection. 

►  The  performance  of  unit  cell  was  easily  reduced  in  short  intervals  and  large  dose  of  coolant  injection. 

►  The  reduced  performance  was  recovered  over  90%  by  water  injection. 

►  The  performance  of  exposed  GDL  was  recovered  by  water  cleaning,  but  the  performance  of  exposed  MEA  was  not. 
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Coolant  leakage  leads  to  decrease  in  performance  during  the  operation  of  electric  vehicles  which  make 
use  of  polymer  electrolyte  membrane  fuel  cells  (PEMFC).  This  study  examines  the  effects  of  various 
coolant  leak  conditions  in  3-cell  stack  and  single  cell.  The  experimental  results  show  that  an  irreversible 
reduction  in  performance  occurs  after  coolant  injection  into  the  anode  side  of  the  stack.  Poisoning  of 
carbon  monoxide  (CO)  on  the  platinum  (Pt)  catalyst  is  caused  by  electro-oxidation  reaction  of  EG.  Water 
cleaning  is  selected  because  CO  poisoning  is  desorbed  to  reaction  with  water  molecules.  Performance  is 
quickly  reduced  when  the  interval  between  coolant  injections  is  short.  Performance  reduction  is  indi¬ 
cated  by  the  experimental  results  for  the  gas  diffusion  layer  (GDL)  and  the  membrane  electrode  assembly 
(MEA).  It  shows  that  performance  of  the  MEA  with  the  GDL  exposed  to  coolant  decreased,  but  it  is 
recovered  after  water  cleaning.  In  contrast,  results  for  performance  of  the  MEA  exposed  to  coolant  for 
long  time  could  not  be  reversed  after  water  cleaning.  Therefore,  we  propose  that  performance  degra¬ 
dation  of  coolant  leak  on  the  Pt  catalyst  surface  and  GDL  can  be  recovered  by  the  water  cleaning  simply 
without  disassembly  of  stack. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Energy  dependence  on  fossil  fuels  is  increasing  rapidly,  and 
research  related  to  the  environmental  impact  of  conventional 
energy  production  from  fossil  fuels  has  greatly  expanded.  Efficient 
methods  to  produce  energy  are  currently  being  developed,  such  as 
polymer  electrolyte  membrane  fuel  cell  (PEMFC),  which  holds 
a  great  deal  of  promise  as  an  energy  source  for  producing  clean 
energy  from  renewable  resources.  PEMFCs  are  also  an  attractive 
alternative  for  use  in  electrically  powered  automobiles,  homes,  and 
portable  devices.  The  development  of  a  fuel  cell  vehicle  has  been 
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accelerated  due  to  increased  concerns  about  environmental  prob¬ 
lems,  including  global  warming  caused  by  carbon  dioxide  emis¬ 
sions  and  air  pollutants  from  excessive  consumption  of  fossil  fuels 
[1-7]. 

PEMFCs  have  many  advantages,  such  as  high  efficiency, 
high  power  density,  low-temperature  operation,  fast  start-up, 
good  system  reliability,  transient  responsiveness,  and  zero  emis¬ 
sions  [8-10].  Additional  benefits  include  low  volume,  easy  seal- 
ability,  and  mobility.  PEMFCs  have  no  friction-induced  energy  loss 
because  they  have  no  mechanical  moving  parts  like  those  of  the 
internal  combustion  engine,  thus  its  power  generation  efficiency  is 
high,  at  80%  [11-13]. 

Electricity  and  water  are  produced  by  an  electrochemical 
reaction  between  hydrogen  and  oxygen  in  the  PEMFC.  This  reac¬ 
tion  also  generates  heat.  If  the  temperature  of  the  PEMFC  stack  is 
increased  to  100  °C,  the  PEMFC  performance  is  decreased  due  to 
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reduced  ionic  conductivity  caused  by  drying  of  the  polymer  elec¬ 
trolyte  membrane.  Currently,  PEMFC  stacks  of  tens  or  hundreds  of 
cells  in  the  kW-class  are  used  as  power  sources  in  electric  vehicles. 
To  maintain  a  set  temperature,  the  extra  heat  generated  by  the 
electrochemical  reaction  has  to  be  removed  from  the  fuel  cell 
stack.  Therefore,  improving  the  cooling  systems  of  PEMFCs  is 
critical  to  increase  the  electric  power  generation  of  these  cells 
[11,14,15]. 

Generally,  ethylene  glycol  (EG)  is  used  as  a  coolant  in  traditional 
engines.  EG  (bp  198  °C)  can  also  be  used  to  cool  a  fuel  cell.  The 
intermediates  (glycolaldehyde,  glyoxal,  glycolic  acid,  glyoxylic  acid, 
and  oxalic  acid)  of  EG  oxidation  on  Pt  catalysts  were  investigated  by 
reflection  infrared  spectroscopy,  coulometric  and  voltammetric 
measurements.  Wieland  et  al.  suggested  that  CO2  and  CO  are 
generated  when  the  C— C  bond  is  broken  by  the  oxidation  of  EG 
with  Pt  electrodes  in  an  acidic  environment  [16].  The— CO  molecule 
is  formed  from  formaldehyde  (methylene  glycol)  by  methanol 
oxidation  and  leads  to  poisoning  of  the  surface  of  the  Pt  catalyst. 
However,  formaldehyde-generated  CO  poisoning  was  seen  to  occur 
on  Pt-Sn  catalysts  in  an  oxygen-poor  environment,  while  CO2  was 
generated  in  an  oxygen-rich  environment  [17].  By  using  a  Pt-Ru 
alloy  catalyst,  the  current  of  EG  oxidation  was  increased  and  the 
generated  CO2  was  decreased  with  increasing  Ru  concentration 
under  acidic  conditions  [18]. 

K.  Matsuoka  et  al.  studied  the  electro-oxidation  of  polyhydric 
alcohol  in  alkaline  solutions  using  a  platinum  electrode  with  an 
alkaline  direct  alcohol  fuel  cell.  They  showed  that  using  EG  as  fuel 
provided  the  maximum  power  density.  In  addition,  they  found 
poisoning  and  non-poisoning  paths  of  EG  oxidation.  The  non¬ 
poisoning  path  of  EG  oxidation  produced  oxalate  in  an  alkaline 
solution.  Thus,  the  EG  created  much  less  poisoning  than  methanol 
on  the  Pt  catalyst  at  0.4  V  [19,20].  J.  D.  Kim  et  al.  investigated  the 
effect  of  CO  concentration  and  tolerance  as  a  function  of  the  cell 
temperature  of  PEMFCs.  They  found  that  cell  impedance  at  low 
temperature  and  high  CO  concentration  depended  on  anode 
impedance  and  that  the  cathode  impedance  was  less  affected  by  CO 
gas  [21]. 

EG  has  the  unfortunate  property  that  it  decomposes  into  CO 
gas,  which  results  in  poisoning  of  Pt  catalysts  and  decreases  the 
performance  of  PEMFCs  and  directs  methanol  fuel  cells  (DMFCs) 
[21-30].  When  CO  is  injected  in  pulses  with  concentrations  of 
more  than  100  ppm,  the  cell  voltage  shows  an  oscillatory 
response,  suggesting  that  cell  performance  can  be  recovered  by 
cyclic  injection  of  pure  hydrogen  [22].  B.  Wu  et  al.  explained  that 
treating  a  surface  with  tetrahydrofuran  and  acetone  increases 
the  activity  of  Pt  catalysts  due  to  removal  of  the  CO  adsorbed  on 
the  Pt  catalyst  [23].  Furthermore,  polyoxometalate-deposited  Pt/ 
C  catalysts  prevent  CO  poisoning  [24].  The  CO  tolerance  of  the 
PEMFC  can  be  increased  by  current  pulsing,  and  the  average  cell 
potential  and  overall  efficiency  can  be  increased  by  periodic 
pulsed  oxidation  (CO  removal)  from  the  catalyst  surface  [25,26]. 
By  using  a  reference  cell,  the  effect  of  CO  on  performance  could 
be  controlled  in  terms  of  both  anode  and  cathode  voltages  after 
CO  gas  was  injected  at  the  anode.  The  activation  effect  was 
improved  by  CO  adsorption/C02  desorption  cycles  [27-29].  V. 
Livshits  et  al.  studied  the  electro-oxidation  of  EG  using  direct 
ethylene  glycol  fuel  cells  (DEGFC).  They  discovered  that  EG  was 
converted  completely  to  CO2  as  measured  using  ion  chroma¬ 
tography  [30,31  ].  G.  J.  M.  Janssen  et  al.  studied  the  effects  of  CO2 
on  PEMFCs  by  experiment  and  modeling.  Formation  of  CO  from 
the  CO2  created  by  the  reverse  water  shift  reaction  caused 
performance  to  decrease  [32,33].  In  addition,  electrical  resis¬ 
tance  can  be  increased  by  corrosion  on  the  contact  parts  caused 
by  EG  infiltrating  between  the  bipolar  plate  and  the  membrane 
electrode  assembly  (MEA).  However,  there  have  been  few  studies 


to  examine  how  the  leak  time  and  quantity  of  coolant  (EG) 
affects  the  performance  of  the  PEMFC,  including  the  MEA. 
Therefore,  the  aim  of  this  study  was  to  investigate  cell  perfor¬ 
mance  changes  caused  by  various  coolant  leakage  situations  in 
stacks  and  single  cells. 

2.  Experimental 

2.1.  Preparation  of  MEA  and  electrochemical  evaluation 

Commercial  MEA,  which  has  a  platinum  loading  of  0.4  mg  cm"2 
on  both  electrodes,  was  used.  A  felt-type  gas  diffusion  layer  (GDL, 
10BB,  SGL)  was  used.  The  stack  had  three  single  cells  with  an 
electrode  area  of  250  cm2.  Ethylene  glycol  (EG)  99.5%  was  mixed  at 
a  1 :1  volume  ratio  with  deionized  water  for  use  as  a  coolant. 

Fig.  1  shows  the  experimental  apparatus  used  in  this  study.  For 
reactants,  humidified  hydrogen  and  air  with  100%  relative  humidity 
were  supplied  to  the  anode  and  cathode  at  ambient  pressure  with 
stoichiometric  ratios  of  1.5  and  2.0,  respectively.  The  temperature  of 
the  cell  fixture  and  humidifier  were  maintained  at  65  °C.  Coolant 
was  injected  by  micro  syringe  or  micro  pump.  The  micro  pump  had 
a  flow  rate  of  up  to  1500  pi  min-1.  If  a  large  decrease  in  performance 
under  certain  conditions  was  detected,  deionized  water  was 
injected  using  a  water-pump  with  N2  gas  at  the  same  time.  Water 
and  nitrogen  were  injected  into  the  single  cell  at  1.5  ml  min-1  and 
0.1  L  min-1,  respectively. 

2.2.  Coolant  leak  test  in  stack  and  single  cell 

A  three-cell  stack  was  tested  to  determine  changes  in  perfor¬ 
mance.  If  performance  in  any  of  the  three  cells  was  reduced  to  0.4  V 
after  injecting  the  coolant  into  the  anode  and  cathode  sides  inde¬ 
pendently,  coolant  infusion  was  stopped.  The  experiment  was 
performed  in  constant  current  mode  at  a  400  mA  cm-2  current 
density.  If  performance  reduction  was  observed,  recovery  experi¬ 
ments  were  carried  out  at  constant  current.  Experimental  estima¬ 
tions  of  GDL  and  MEA,  each  exposed  to  coolant,  were  conducted 
independently.  GDL  experimental  performance  was  evaluated  by 
replacing  the  GDL  exposed  in  coolant  for  3  h  with  a  fresh  GDL  at  the 
activated  anode  side.  MEA  experimental  performance  was  moni¬ 
tored  by  removing  the  anode  GDL  and  exposing  the  anode  elec¬ 
trode  to  coolant  for  3  h.  In  order  to  confirm  the  results  of  this 
experiment,  a  reproducibility  test  was  conducted  for  electrode  loss 
when  the  GDL  was  replaced  at  the  anode  side.  A  constant  current 
recovery  test  was  conducted  when  performance  decreased,  and 
a  distilled  water  cleaning  process  was  conducted  for  the  MEA  when 
performance  could  not  be  recovered.  The  electrode  area  of  the 
single  cell  used  for  this  experiment  was  25  cm2. 

2.3.  Physical  and  electrochemical  analysis 

The  cell  performance  changes  in  the  stack  and  single  cell  were 
measured  using  a  polarization  curve,  electrochemical  impedance 
spectroscopy  (EIS,  Gamry,  PCM),  and  cyclic  voltammetry  (CV, 
WonAtech,  GWPG100HP).  The  concentrations  of  EG  were  analyzed 
by  a  Hewlett  Packard  5890  Series  II  gas  chromatograph  (GC)  with 
a  flame  ion  detector  (FID).  Contact  angle,  which  is  the  vapor-liquid 
angle  at  the  interface  of  the  solid  surface  [34],  was  measured. 
Surface  tension  measurements  were  carried  out  from  20  °C  to  80  °C 
by  the  Du  Noiiy  ring  method  using  a  DST  60  tension  meter  (Surface 
Electro  Optics  Co.  LTD)  under  atmospheric  pressure.  A  DV-II  Pro 
viscometer  (Brookfield  Engineering)  was  used  to  measure  liquid 
viscosity  between  20  °C  and  80  °C  using  to  standard  procedures. 
Each  sample  solution  was  stirred  with  a  magnetic  stirrer,  and  the 
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Fig.  1.  Schematic  diagram  of  experimental  system  (a)  coolant  injection  using  micro  syringe  (b)  coolant  injection  using  micro  pump  (c)  recovery  system  using  water. 


surface  tension  was  measured  after  the  stirring  had  been  dis¬ 
continued  for  3  min. 


3.  Results  and  discussion 

3.1.  Stack  evaluation  during  coolant  leak 

A  3 -cell  stack  was  tested  for  coolant  leakage.  The  anode  and 
cathode  side  behavior  and  performance  were  observed  indepen¬ 
dently  after  injecting  coolant.  They  were  subsequently  monitored 
in  constant  current  (CC)  mode  for  recovery.  The  results  for  injection 
of  coolant  at  a  rate  of  0.5  ml  min-1  on  the  anode  side  under 
a  constant  current  mode  of 400  mA  cm-2  are  shown  in  Fig.  2(a).  The 
cell  performance  was  reduced  from  2.1  V  to  1.2  V  at  20  min  after  the 
injection  of  coolant.  The  results  related  to  constant  current  recovery 
are  shown  in  Fig.  2(b).  The  open  circuit  voltage  (OCV)  recovered 
somewhat  in  the  stack,  but  the  performance  did  not  recover  at 
a  current  density  of  400-mA  cm-2.  The  overpotential  value  was 
measured  both  anode  and  cathode  by  electro-oxidation  reaction  of 
EG  [30].  Hence,  the  OCV  and  cell  performance  were  reduced  after 
coolant  injection.  As  shown  in  Fig.  2(c),  the  cathode  side  was  tested 
at  the  same  coolant  infusion  rate  and  the  same  constant  current 
mode.  The  performance  repeatedly  decreased  and  recovered,  and 
was  maintained  at  1.9  V  Fig.  2(d)  shows  the  cell  performance  at 
a  constant  current  mode  at  400  mA  cm-2  after  stopping  the  coolant 
injection.  The  cell  performance  recovered  to  its  initial  level  in  the 
cathode  in  constant  current  mode.  The  variations  in  the  perfor¬ 
mance  of  the  anode  and  cathode  in  the  3-cell  stack  are  displayed  in 
Fig.  3.  In  the  anode  (Fig.  3(a)),  the  initial  performance  was  reduced 
by  43%  after  coolant  injection,  from  1050  mA  cm-2  to  600  mA  cm-2 
at  1.8  V,  and  did  not  recovered  in  CC  mode.  However,  the  cell 
performance  in  the  cathode  (Fig.  3(b))  decreased  by  24%  and 
recovered  to  100%  in  CC  mode.  This  is  because  water  is  generated  by 
the  reaction  of  protons,  electrons,  and  oxygen  in  the  cathode  [11], 
which  reduces  the  effect  of  the  injection  of  coolant.  A  mechanism  of 
EG  oxidation  is  known  as  follows  [37,38]. 


(CH2OH)2  -  (CH2OH)2ads  (1) 

(CH2OH)2ads  -  (:COH)2  (2) 

(:COH)2  +  2H20  (HCOOH)ads  +  2H+  +  2e”  (3) 

Pt(HCOOH)ads  -  Pt(CO)ads  +  H20  (4) 

Pt  +  H20  -  Pt(OH)ads  (5) 

Pt(OH)ads  +  Pt(CO)ads  -  Pt  +  C02  +  H+  (6) 


Adsorbed  CO  on  Pt  catalyst  was  oxidized  to  C02  by  the  dissoci¬ 
ation  of  water  molecules.  Hence,  water  molecules  are  important  for 
recovery  of  cell  performance  due  to  the  electro-oxidation  reaction 
of  EG.  The  recovery  at  the  anode  was  more  difficult  than  at  the 
cathode  due  to  lack  of  water.  Therefore,  the  experiments  described 
in  the  following  section  were  conducted  to  evaluate  the  effects  of 
coolant  injection  on  the  anode.  The  water  injection  method  was 
used  to  recover  cell  performance. 

3.2.  Evaluation  of  single  cells  during  coolant  leakage 

3.2.1.  Micro  coolant  injection  experiments 

Performance  changes  in  the  MEA  at  various  leakage  times  and 
quantities  of  coolant  were  tested.  In  the  first  series,  the  amount  of 
coolant  in  each  injection  was  0.5  pi  min-1  or  2.5  pi  min-1  (total 
quantity  of  coolant  was  120  pi).  The  CV  measurement  results  for 
2.5  pi  min-1  injections  are  shown  in  Fig.  4.  Compared  with  the 
initial  measurement,  the  electrochemical  catalyst  surface  area 
(ECSA)  decreased  by  approximately  14.4%.  This  decrease  in  ECSA  is 
likely  caused  by  CO  poisoning.  In  the  oxidation  of  EG,  CO  is 
produced  via  several  intermediate  reactions,  and  this  CO  is  adsor¬ 
bed  onto  the  Pt.  It  was  confirmed  by  CV  that  the  ECSA  of  the  Pt 
electrode  was  decreased  due  to  CO  poisoning  [23,26-28,32].  The 
resistance  was  measured  using  EIS  to  determine  how  resistance 
was  affected  by  the  injection  of  coolant  at  400  mA  cm-2,  as  shown 
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Fig.  2.  Performance  changes  at  constant  current  mode  (400  mA  cm  2)  by  (a)  coolant  injection  with  0.5  ml  min  1  in  anode,  (b)  CC  mode  recovery  in  anode,  (c)  coolant  injection  with 
0.5  ml  min-1  in  cathode,  and  (d)  CC  mode  recovery  in  cathode. 
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Fig.  3.  Performance  changes  (a)  at  anode  and  (b)  at  cathode  by  coolant  injection  in  the  3  cell  stack. 
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Fig.  4.  Cyclic  voltammogram  changes  of  5  pi  coolant  injection  at  the  anode  in  unit  cell.  6-  Polarization  curve  changes  of  2.5  pi  min  1  coolant  injection  in  unit  cell. 


in  Fig.  5.  In  the  Nyquist  plots,  the  diameter  of  the  semicircle  equals 
to  the  surface  charge  transfer  resistance  (Rc t),  which  usually 
represents  the  resistance  of  electrochemical  reactions  on  the 
electrode.  This  resistance  is  highly  related  to  the  active  surface  area 
of  catalyst  where  the  electrochemical  reaction  occurs.  In  addition, 
the  polarization  (overall)  resistances  are  described  as  sum  of  the 
ohmic  resistance,  charge  transfer  resistance  and  mass  transfer 
resistance.  After  coolant  injection,  the  ohmic  resistance  (£0hm)  did 
not  change,  but  polarization  resistance  (Qpo\)  increased  to  0.005  Q, 
and  then  decreased  to  0.02  Q  after  water  cleaning.  The  polarization 
resistance  difference  was  small  between  CC  mode  and  water 
cleaning.  It  seems  that  cell  performance  was  recovered  after 
measurement  of  polarization  curve  and  CV.  J.D.  Kim  et  al.  similarly 
showed  that  polarization  resistance  (£poi)  is  increased  with 
increasing  CO  concentration,  but  ohmic  resistance  (£0hm)  was  not 
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Fig.  5.  Electrochemical  impedance  spectroscopy  of  2.5  pi  min-1  coolant  injection  at 
current  density  of  400  mA  cm-2  in  unit  cell. 


changed.  Polarization  resistance  is  directly  related  to  cell  perfor¬ 
mance  [21].  The  changes  in  the  polarization  curve  are  shown  in 
Fig.  6.  After  the  injection  of  the  coolant,  the  OCV  was  decreased  by 
5.1%,  and  recovered  completely  in  CC  mode  after  water  cleaning. 
The  performance  at  0.6  V  was  decreased  by  58.2%  from  the  initial 
performance  after  coolant  injection,  but  recovered  to  83.8%  and 
96.2%  after  recovery  in  CC  mode  and  water  cleaning,  respectively. 
Table  1  represents  the  results  after  coolant  injection  of  0.5  pi  min-1. 
The  cell  performance  was  recovered  more  than  95%  by  water 
cleaning.  However,  these  results  suggest  that  the  reduction  of  ECSA 
cannot  be  avoided  due  to  CO  poisoning  on  the  catalyst  layer  by  EG 
injection. 

In  a  second  experiment,  coolant  injections  were  carried  out 
every  2,  5  or  10  min.  The  performance  variations  over  time  with 
5  pi  coolant  injections  are  shown  in  Fig.  7(a).  In  CC  mode  of 
400  mA  cm-2,  cell  performance  is  decreased  after  coolant  injection, 
and  the  change  of  cell  performance  was  different  at  the  every 
injection  time  interval.  The  performance  changes  when  1  pi  was 
injected  at  various  intervals  (total  injection  time  2  h)  are  shown  in 
Fig.  7(b).  The  same  trend  was  observed  with  injection  quantities  of 
5  pi.  The  performance  data  of  CC  mode  by  coolant  injection  with  5 
and  1  pi  are  summarized  in  Table  2.  The  performance  reduction  of 
5  pi  was  larger  than  that  of  1  pi.  Additionally,  potential  drop  was 
increased  with  the  increased  coolant  amount.  Hence,  this  result  is 
considered  that  periodic  variation  of  the  performance  reduction 
and  recovery  is  dependent  by  rate  and  amount  of  coolant  injection. 

3.2.2.  Performance  change  by  a  strong  dose  of  coolant 

The  changes  in  performance  with  large  doses  of  coolant,  i.e., 
rates  of  0.1  and  0.5  ml  min-1,  were  evaluated.  Coolant  was  injected 


Table  1 

Characteristics  of  0.5  |il  min  1  coolant  injection  experiment. 


CV 

EIS  (at  400  mA  cm  2) 

Polarization  curve 

ECSA  (%) 

Polarization 
resistance  (Qpoi) 

OCV 

At  0.6  V 

Initial 

100% 

0.0197 

100% 

100% 

Coolant  injection 

- 

0.0234 

97.9% 

70.5% 

CC  mode 

0.0202 

98.8% 

92.3% 

Water  cleaning 

91.3% 

0.0199 

100% 

100% 

J.H.  Jung  et  al.  /  Journal  of  Power  Sources  226  (2013)  320-328 


325 


1.0 


0.9 


_  0.8 

> 


5  pi  - 10  min  interval 
5  til  -  5  min  interval 
5  pi  -  2  min  interval 


Coolant  injection  of  1 20  pi 


0.5 


0.4 


< - >  i 


L 


1.0 


0.9 


^  0.8 

> 


1  pi  - 10  min  interval 
1  pi  -  5  min  interval 
1  pi  -  2  min  interval 


Coolant  injection  for  2  hours 


Time  (hr)  Time  (hr) 

Fig.  7.  Potential  drop  by  coolant  injection  of  (a)  5  and  (b)  1  pi  every  10  min,  5  min,  or  2  min  under  constant  current  mode  (400  mA  cm-2). 


Table  2 

Summary  of  coolant  injection  method. 


Amount  of 
injection  (pi) 

Time  interval 
(min) 

Injection 
time  (h) 

Total  amount 
of  coolant  (pi) 

5 

10 

4 

5 

5 

2 

120 

5 

2 

0.8 

1 

10 

12 

1 

5 

2 

24 

1 

2 

60 

in  the  single  cell  until  the  cell  voltage  fell  to  0.4  V  at  400  mA  cm-2  in 
CC  mode.  The  total  volume  of  the  coolant  injections  were  about 
2.3  ml  (23  injections)  and  6.5  ml  (13  injections).  Performance 
changes  at  OCV  and  0.6  V  are  shown  in  Fig.  8.  As  shown  in  Fig.  8(a), 
OCV  was  observed  83%  of  initial  value  after  injection  of  coolant  at 
a  rate  of  0.1  ml  min-1,  and  it  is  recovered  to  87.8%  after  in  CC  mode. 
For  1, 2,  and  3  hr  water  cleanings,  changes  of  OCV  were  observed  to 
97.5%,  98.6%,  and  99.7%,  respectively.  Performance  at  0.6  V  dropped 


to  8.0%  after  the  injection  of  coolant  then  it  was  recovered  to  12.8%, 
57.7%,  82.0%,  and  96.0%  in  CC  mode  and  after  water  cleaning  for  1  h, 
2  h  and  3  h,  respectively.  When  coolant  was  injected  at  a  rate 
0.5  ml  min-1,  73.5%  of  the  initial  OCV  was  observed,  which  then 
recovered  to  99.0%  after  water  cleaning.  At  a  cell  voltage  of  0.6  V, 
the  performance  dropped  to  3%  after  the  injection  of  coolant  then 
its  value  was  recovered  to  93%  after  water  cleaning  for  3  h,  as 
shown  in  Fig.  8(b).  These  results  show  that  when  milliliter  volumes 
of  coolant  were  injected  into  the  single  cell,  the  performance  ten¬ 
ded  to  be  affected  more  by  the  injection  frequency  than  by  the 
injection  amount.  Fig.  9  shows  the  results  of  EIS  and  CV  measure¬ 
ment.  The  ECSA  dropped  to  16.6%  of  the  initial  area  after  a  coolant 
injection  of  0.1  ml  min-1,  as  shown  in  Fig.  9(a).  The  ECSA  was 
recovered  to  69.0%  and  92.0%  after  CC  mode  and  3-h  water  cleaning, 
respectively.  The  result  of  EIS  shows  that  the  polarization  resistance 
was  increased  to  442.2%  by  the  injection  of  coolant,  but  recovered 
to  109.7%  after  water  cleaning  for  3  hr.  At  a  coolant  level  of 
0.5  ml  min-1,  the  ECSA  was  reduced  to  16.4%,  but  recovered  to 
59.7%  and  90.0%  after  CC  mode  and  water  cleaning.  The  results  of 
EIS  show  that  the  polarization  resistance  shows  increase  to  576.4% 
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Fig.  8.  Changes  of  open  circuit  voltage  and  performance  at  0.6  V  (a)  0.1  ml  min  1  and  (b)  0.5  ml  min  \ 
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Fig.  9.  Comparison  by  experimental  condition  with  polarization  resistance  (Q)  and  ECSA  (%)  (a)  0.1  and  (b)  0.5  ml  min 


Water  cleaning 

Fig.  10.  Concentration  of  EG  in  vented  water  by  GC  analysis  after  coolant  injection  of 
0.1  and  0.5  ml  min-1. 

after  the  injection  of  coolant,  but  its  value  was  recovered  to  108.9% 
after  water  cleaning,  as  shown  in  Fig.  9(b).  The  cell  performance 
was  not  recovered  to  100%  because  CO  poisoning  was  generated  in 
some  Pt  catalysts.  Therefore,  independent  experiments  were 


conducted  to  determine  the  effects  of  coolant  in  the  GDL  and 
catalyst  layer.  The  concentration  of  EG  was  measured  by  GC  with 
washed  water,  as  shown  in  Fig.  10.  After  water  cleaning  for  1  h, 
a  high  concentration  of  EG  was  confirmed  to  be  present  in  both 
0.1  ml  min-1  and  0.5  ml  min-1  experiments,  with  the  concentration 
being  higher  in  the  0.5  ml  min-1  experiment  than  in  the 
0.1  ml  min-1  experiment.  Resistance,  ECSA,  and  cell  performance 
were  rapidly  restored  with  the  reduction  of  EG  concentration.  This 
result  means  that  physically  adsorbed  EG  on  the  GDL  and  unreacted 
EG  on  Pt  catalyst  were  drained. 

3.2.3.  Independent  estimation  of  GDL  and  MEA 

In  order  to  investigate  the  influence  of  coolant  on  the  GDL,  the 
GDL  at  the  anode  side  was  replaced  by  another  GDL  which  had  been 
exposed  to  coolant  for  3  h.  A  polarization  curve  of  a  single  cell 
which  has  GDL  exposed  to  coolant  is  shown  in  Fig.  11(a).  Compared 
with  its  initial  performance  at  0.6  V,  the  performance  of  the 
exposed  single  cell  was  decreased  from  850  to  600  mA  cm-2. 
However,  the  performance  was  recovered  to  100%  after  water 
cleaning. 

In  another  experiment,  the  MEA  without  a  GDL  on  the  anode 
side  was  exposed  to  coolant  for  3  h,  and  CC  mode  was  operated 
after  the  MEA  was  reassembled  into  a  single  cell  with  a  fresh  GDL. 


Fig.  11.  Changes  in  polarization  curve  on  EG  solution  exposed  to  (a)  GDL  and  (b)  MEA. 
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Fig.  12.  Image  of  contact  angle  with  water  and  EG  at  (a)  20  °C  and  (b)  65  °C. 

Changes  in  the  polarization  curve  when  MEA  was  exposed  are 
shown  in  Fig.  11(b).  Performance  of  the  MEA  exposed  in  coolant 
was  measured  at  40  mA  cm-2  of  0.2  V  and  OCV  of  0.57  V  (fresh  OCV 
0.91  V).  Performance  was  4%  of  its  initial  value  at  0.6  V  after  the 
washing  process.  According  to  the  results  of  V.  Livshits  and  Peled, 
the  overpotential  value  at  both  anode  and  cathode  was  caused  in  an 
acidic  environment,  and  its  values  were  increased  at  higher  current 
density  [30].  Therefore,  when  coolant  reached  the  catalyst  and  the 
membrane,  performance  was  decreased  sharply  and  is  difficult  to 
recover  after  water  cleaning.  These  results  indicate  complex  causes 
that  were  the  CO  poisoning  by  electro-oxidation  reaction  of  EG  on 
the  Pt  catalyst,  and  the  interrupt  of  hydrogen  influx  by  adsorbed  EG 
at  the  GDL.  Hence,  it  is  considered  that  the  cell  performance  was 
recovered  by  water  injection  due  to  the  dissolution  of  EG  on  the 
GDL  and  the  electro-oxidation  reaction  of  water  molecules  on  the 
surface  of  catalyst  layer.  Therefore,  it  is  considered  that  poisoning  of 
the  Pt  catalyst  near  the  membrane  side  was  not  recovered  easily  by 
water  cleaning. 

The  contact  angle,  surface  tension,  and  viscosity  of  water  and  EG 
were  measured  to  determine  the  adsorption  on  the  water  repellent 
surface  of  GDL.  As  shown  in  Fig.  12,  Water  and  EG  have  the  contact 
angle  of  127.9  and  115.7  at  20  °C.  The  value  was  decreased  to  125.8 
and  111.8  at  65  °C,  respectively.  This  result  means  that  coolant  is 
more  easily  absorbed  at  higher  temperature  due  to  the  increased 
hydrophilicity.  Low  contact  angle  of  GDL  with  strong  hydrophilicity 
indicates  a  lot  of  adsorbed  water  and  low  gas  permeability  [36].  The 
surface  tensions  and  viscosities  of  water  and  EG  are  summarized  in 
Table  3.  These  results  were  consistent  with  those  reported  in 
reference  [35],  but  EG  values  were  measured  by  experiment.  The 
surface  tensions  of  water  and  EG  were  72.88  and  48.43  dyn  cm-1  at 
20  °C,  respectively,  and  66.23  and  44.42  dyn  cm-1  at  65  °C.  The 
contact  angle  and  surface  tension  of  EG  were  reduced  with 
increasing  temperature,  and  were  smaller  than  those  of  water  at 
each  temperature.  This  indicates  that  the  physical  adsorption  of  EG 
was  stronger  than  that  of  water. 


Table  3 

Summary  of  surface  tension  and  viscosity  of  water  and  EG. 


Temperature  (°C) 

Surface  tension 
(dynes/cm) 

EGb 

Viscosity  (cP) 

EGC 

Water3 

Water3 

20 

72.88 

48.43  (48.43) 

1.002 

21.0  (213) 

65 

66.23 

44.42 

0.434 

4.8 

a  According  to  Ref.  [35]. 
b  Measured  by  surface  tension  meter. 
c  Measured  by  viscometer. 


The  viscosity  of  water  and  EG  was  measured  as  1.002  and  21.0  cP 
at  20  °C,  respectively,  and  0.434  and  4.8  cP  at  65  °C.  The  EG  viscosity 
compared  to  water  viscosity  was  about  21  times  higher  at  20  °C  and 
11  times  higher  at  65  °C.  The  viscosity  of  EG  was  decreased  with 
increased  temperature.  This  suggest  that  the  physical  adsorption  of 
EG  can  last  longer  than  that  of  water  at  the  GDL  and  the  adsorbed 
EG  on  the  GDL  can  be  easily  cleared  by  water  cleaning  at  65  °C. 
These  results  indicate  that  performance  is  significantly  affected  by 
the  physical  adsorption  of  EG  on  the  GDL  and  CO  poisoning  on  the 
Pt  catalyst. 

4.  Conclusions 

When  coolant  is  injected  at  the  anode,  the  performance  of  the 
PEMFC  was  decreased  because  of  the  poisoning  of  electro-oxidation 
reaction  of  EG  on  the  Pt  catalyst.  The  cell  performance  was  not 
recovered  in  the  CC  condition.  At  the  cathode,  performance  showed 
wave-like  behavior  and  a  small  reduction,  but  its  value  was 
recovered  in  CC  mode.  Thus,  the  result  considered  that  H2O 
generated  on  the  cathode  side  is  important  for  recovery  of  cell 
performance  due  to  the  electro-oxidation  reaction  of  EG. 

In  this  study,  performance  changes  were  observed  at  various 
time  intervals  (10,  5,  and  2  min),  rates  (0.5  and  2.5  pi  min-1),  and 
amounts  (0.1  and  0.5  ml  min-1)  of  coolant  injection.  Periodic 
variation  of  performance  reduction  and  recovery  was  indicated 
after  injection  of  microliter  coolant.  The  results  show  the  greatest 
decrease  in  performance  for  the  shortest  examined  time  interval 
between  injections  (2  min).  Performance  was  degraded  by  coolant 
leakage  but  recovered  to  over  93.0%  of  the  initial  value  by  deionized 
water  cleaning.  Since  the  ECSA  of  some  Pt  catalysts  was  decreased 
by  CO  poisoning,  cell  performance  was  not  completely  recovered. 
When  coolant  enters  the  cell,  reduction  of  the  ECSA  is  inevitable, 
regardless  of  cell  performance.  Using  GC  analysis,  drain  of  EG  was 
confirmed  at  the  anode  outlet.  These  results  mean  that  EG  can  be 
absorbed  at  the  GDL  and  thus  inhibit  the  influx  of  fuel  gas,  which 
reduces  performance.  The  physical  adsorption  of  EG  at  GDL  is 
strong  due  to  the  small  contact  angle,  the  small  surface  tension,  and 
the  high  viscosity.  An  independent  test  with  GDL  and  MEA  was 
conducted.  The  performance  of  coolant-exposed  GDL  was  recov¬ 
ered  by  water  cleaning,  but  the  performance  of  coolant-exposed 
MEA  was  not.  Therefore,  when  the  GDL  is  contaminated  with 
coolant,  performance  is  recover  sufficiently  by  water  cleaning 
without  replacement  with  a  new  GDL;  however,  when  the  catalyst 
layer  is  contaminated  with  coolant,  performance  is  not  recover, 
because  CO  poisoning  of  Pt  catalysts  is  irreversible. 
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